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Abstract: Non-invasive imaging of living cells is an advanced technique that is widely used
in the life sciences and medical research. We demonstrate a refractive index quantification
microscopy (RIQM) that enables label-free studies of glioma cell-substrate contacts involving
cell adhesion molecules and the extracellular matrix. This microscopy takes advantage of the
smallest available spot created when an azimuthally polarized perfect optical vortex beam (POV)
is tightly focused with a first-order spiral phase, which results in a relatively high imaging
resolution among biosensors. A high refractive index (RI) resolution enables the RI distribution
within neuronal cells to be monitored. The microscopy shows excellent capability for recognizing
cellular structures and activities, demonstrating great potential in biological sensing and live-cell
kinetic imaging.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Cell adhesion (CA) and the extracellular matrix (ECM) are both important for cell growth,
migration, communication, and regulation. Notably, the ECM plays a vital role in synaptic
remodeling of active neurons, which is essential for memory formation [1]. Moreover, CA
and the ECM could influence many physiological phenomena, such as the development and
maintenance of tissues, wound healing, and tumor metastasis [2–5]. Events occurring at the
cell-substrate interface affect CA and ECM behaviors significantly and the ability to observe the
localization and real-time activity of these events plays an important role in biological studies
[6]. The emergence of fluorescence labeling techniques has revolutionized the life sciences
because of its super-resolution and highly endogenous contrast characteristics [7,8]. Due to
the capacity of effective background noise suppression, total internal refection fluorescence
microscopy (TIRFM) has emerged that provides clear fluorescence images within evanescent
field and appears to be a promising tool for the study of cell-substrate contacts [9,10]. The
subsequent variable-angle TIRFM (vaTIRFM) can reveal topography of cells by changing the
incident angle of illuminating light [11,12]. However, fluorescence microscopy requires different
fluorescent dyes to specifically identify proteins of interest within subcellular structures. It is
sometimes undesirable to stain the cells of interest in certain applications (e.g. stem cell and
fertility studies, neurotransmitter and conduction studies) [13], and the process of staining with
multiple fluorophores can also be challenging.
Non-invasive biological microscopy is essential for a wide variety of biomedical studies.

Compared with traditional fluorescent labeling, refractive index (RI) mapping enables subcellular
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structures to be observed without the fluorescent labeling [14]. Owing to its label-free and
non-invasive nature, RI imaging has great potential to complement fluorescence microscopic
studies of specific cellular mechanisms [15,16]. Although phase contrast microscopy [17,18]
and differential interference contrast microscopy [19,20] are most commonly used to enhance
image contrast, the resulting contrast is only qualitative. Quantitative phase imaging techniques,
including optical diffraction tomography, have developed rapidly to become a popular and
powerful approach to cell imaging, with advantages including wide-field illumination and a
high frame rate. However, the resulting RI images result from intensity differences across the
entire optical path, which obscures details at cell-substrate interfaces. Moreover, the RI imaging
sensitivity is limited by the light path error [13,21–27]. Among the developed methods of
surface RI imaging, surface plasmonic resonance imaging (SPRi) is an outstanding analytical tool
because of its superior RI sensitivity [28–33]. SPRi works within SPs, which are excited under a
specific angle for microscopy, but the finite numerical aperture of objective lens may limit the
potential applications if shorter light wave-lengths were needed [6]. Moreover, for the purpose of
making cells adhere metal substrate in a good state, some measurements are necessary including
adhesion protein deposited on metal surface [34], or even fabricating glass material covering the
metal surface [35]. A similar RI microscopy method is based on the differential absorption of s-
and p-polarized light by graphene [36–39], which requires the graphene substrate to be very flat
without any defect. No matter SPRi or microscopy based on graphene, the fabrication of the
substrates and operations on the substrate all complicate the imaging process.

Among label-free imaging techniques for cell-substrate contacts, there is one kind of technique
which is based on Fresnel’s theory [40–42] and utilizes glass substrate where cell cultures
are more commonly grown than a metal film. Prism-based total internal reflection dark-field
microscope (p-TIRDFM) [43], reflection interference contrast microscopy (RICM) [44,45] and
total internal reflection holographic microscopy (TIRHM) [46–50] are all such techniques and
capable of providing nanometer-scale information about the topography of membrane surface.
In this paper, we present an RI quantification microscopy (RIQM) for imaging cell-substrate
contacts which is similarly based on Fresnel’s theory. Although RI images are obtained just by
measuring the intensity of light reflected from a glass substrate, a relative high-level sensitivity
of 10−6 RI unit (RIU) can be achieved comparing with the above-mentioned techniques. The
change of the RI above the interface can be measured from the weak variations with lock-in
amplification mechanism. Taking advantage of the ring-shaped and tunable diameter of a POV
beam, the RIQM is fixed at a smallest spot size, which results in a relatively high imaging
resolution among biosensors [51–55]. The POV beam is modulated to be azimuthally polarized
with a first-order spiral phase, yielding the smallest possible spot size [38,39]. The single point
sensor resolution reaches 496 nm, and the RI resolution is 9.709 × 10−6 RIU in experiment. In
summary, RIQM of subcellular organelles and structures including CA regions and the ECM of
neurons, can be achieved in the cell substratum, which is critically important in neurotechnology
applications. Furthermore, RIQM of live-cell contraction can be performed in a fast-scanning
method, demonstrating the method’s excellent capability of recognizing cellular structures and
dynamics.

2. Methods

2.1. Lithography

Glass cover slips (Thorlabs, CG15CH) were soaked in acetone solution to clear organic surface
impurities, then Photoresist (AR-P679.03PMMA 950 K) was spread evenly over the surface
using a spin coater. An electron beam lithography machine was used to the fabricate the grating
sample. We designed three slits with different widths (100 nm, 150 nm, 200 nm), and these
slits were marked with numbers 1, 2 and 3. The last step in the photoetching was to soak the
lithography slip in the developing liquid and then in a fixing bath for 30 mins each.



Research Article Vol. 11, No. 12 / 1 December 2020 / Biomedical Optics Express 7098

Slit width calibration via atomic forcemicroscopywas required. As illustrated in Supplementary
Fig. S1, a width of 120 nm was determined.

Fig. 1. The correlation between the detected signal and RI. (a) Schematic of interfacial
reflection of light with average angle of incidence θ and width ∆θ. (b) Comparison of
experimental data from three groups (points) and theoretical values using θi = 65.3◦ and
∆θi = 8◦. A cubic polynomial fit of the data from group C is also shown (green line). (c)
Boxplot of two data points from group C used for calculation of RI sensitivity.

2.2. Cell culture, fixation, and fluorescence labeling

TheU-87MGhuman neuroglioma cells were obtained from the American Type Culture Collection
(ATCC) and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco). The culture
medium was supplemented with 10% fetal bovine serum (FBS) (Gibco), penicillin (100U, Gibco),
and streptomycin (100U, Gibco). The cells were incubated at 37◦C in a humidified incubator with
5% CO2. The day before imaging, cells were seeded onto a cover slip to give 30-50% density.

For the fluorescence imaging assay, cells were transfected with CellLight Tubulin-RFP solution
(Invitrogen). After incubation for 18-24 h, the culture medium was removed and the cells washed
twice with phosphate buffered saline before 15 min fixation with 4% paraformaldehyde. After
discarding the fixative, the cells were imaged using a Leica TCS SP8 microscope.

For the apoptosis assay, cells were either untreated or exposed to 8 µM paclitaxel solution for
approximately 1 h.

2.3. Imaging principle and sensitivity

In Fresnel’s theory, the intensity of light reflected from an interface is determined by the angle of
incidence and the refractive indices of the two interfacial materials. Many studies have been
devoted to the measurement of small changes in the RI of liquids and gases. Notably, McClimans
et al. reported a prism-based real-time differential refractometry with a resolution-independent
sensitivity of 10−6 RIU [41]. Total internal reflection fluorescence microscopy inspired Bohannon
et al. to develop near-total internal reflection microscopy for the purpose of cellular RI imaging
with a lateral resolution of 1 µm but inadequate sensitivity [42]. We have achieved both high RI
sensitivity and imaging resolution using a tightly focused POV.
The reflectance of s-polarized light based on Fresnel’s theory is given by:

Rs = −
sin (θi − θt)
sin (θi + θt)

. (1)

where Rs is the reflection ratio of s-polarized light, and θi and θt are the angles of incidence
and reflection, respectively, n represents the ratio of refractive indices n2 and n1 between
optically denser and thinner media, respectively. Since the POV beam is modulated as azimuthal
polarization, it will be s-polarized after tight focusing. When total internal reflection occurs, the
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expression in Eq. (1) becomes:

Rs =
cos θi − i

√
sin θ2i − n2

cos θi + i
√

sin θ2i − n2
. (2)

Combining the above equations, we obtain the relationship between the angle of incidence
and the intensity of the reflected light. When carrying out experiments under the tight focusing
condition, a small range of incident angles exists. Therefore, we allowed the angle of incidence
to range from 61.3◦ to 69.3◦ in the numerical calculations (Fig. 1(b)), which agreed well with the
experimental data.
To measure the RI sensitivity of the system, glycerol-water mixtures with different glycerol

fractions were used to calibrate the relationship between detected signal voltages and the RIs
measured using an Abbe refractometer. Amicrofluidic channel made from a polydimethylsiloxane
(PDMS) was adhered to the surface of a cover slip, and used in combination with a syringe pump
to inject the solutions. We carried out three groups of experimental measurements, as shown in
Fig. 1(b). The laser input power used for group A was 44.2 µW, which was about twice that used
for group B. Both experimental groups displayed a consistent relationship after normalization. In
addition, the group C measurements were performed using a laser input power of 25.2 µW, and
with a preamplifier placed before the digital data acquisition system (National Instruments) to
improve the SNR. Cubic polynomial fitting of the normalized signal voltage measured for group
C (Fig. 1(b), green curve) yielded the following relationship:

s = 879 × n3x − 3.67 × 103 × n2x + 5.11 × 103 × nx − 2.36 × 103. (3)

Consequently, Eq. (2) was used in all of cell imaging experiments to identify the cellular
RI distributions. Figure. 1(c) shows the signal voltage data obtained using two solutions with
different RIs (1.3898 and 1.3929). The RI sensitivity (RIS) is defined as:

RIS =
∆n
SNR

. (4)

where ∆n = 0.0031 represents the difference between the two RIs. The SNR between the two
data groups can be determined using:

SNR =
|s̄1 − s̄2 |
σ1 + σ2

. (5)

where s̄1 = 0.502(a.u.) and s̄2 = 0.4595(a.u.) are the mean signal voltages for the two solutions,
and σ1 = 6.888× 10−5, σ2 = 6.416× 10−5 are the corresponding standard deviations. Due to the
usage of lock-in amplification, we acquired voltage signal steadily. As showed in Fig. 1(c), every
box diagram contains one hundred continuous signals and the low standard deviation shows the
stability. Here, by combining Eq. (3) and Eq. (4), the RIS is equal to 9.709 × 10−6 RIU and the
systematic errors respectively are ±5.056 × 10−6 and ±4.794 × 10−6 by plugging the standard
deviation and corresponding RI into Eq. (3). The approach described in this work is therefore
a promising method for exploring low-RI subcellular structures, such as the ECM, with high
sensitivity.

2.4. Setup of RIQM

A schematic of the RIQM instrument is depicted in Fig. 2(a). A semiconductor laser with high
output power generates a 532 nm laser beam, which is incident onto a programmable spatial
light modulator (SLM) (Holoeye, Pluto 3). An optical chopper (Thorlabs, MC200B-EC and
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MC1F10HP) is placed before the SLM to change the continuous laser into a 10 MHz pulsed
beam, which is then coordinated with the lock-in amplifier to improve the signal-to-noise ratio
(SNR). The phase map on the SLM consists of the phase information of an axicon, a spiral
phase, and a blazed grating. Therefore, a POV beam with explicit ring shape is generated and
one of the diffraction orders is incident on photoelectric detector 1. Lenses 1 and 2 are used
to collimate the beam, and the conjugate image of the POV ring is obtained at the rear focal
plane of a high-numerical-aperture microscope objective (Olympus, 60×, NA = 1.42). Then
a half-wave plate (Thorlabs, WPH05M-532) and a vortex plate (Thorlabs, WPV10L-532) are
used to obtain a pure azimuthally polarized POV beam with a first-order spiral phase (Fig. 2(b)),
which is tightly focused onto the sensor chip by the microscope objective (Fig. 1(c)). The
principle of polarization modulation was demonstrated by Sun et al. [37]. Light reflected from
the objective is collected using photoelectric detector 2 (Thorlabs, PDB210C), whose signal
combines with the synchronizing signal from photoelectric detector 1 before entering the lock-in
amplifier. In addition, a monitoring system based on bright-field imaging is included (Fig. 2(a)),
“Illumination”).

Fig. 2. (a) Schematic of the RI quantitative microscope. Abbreviations: OC: optical
chopper; SLM: spatial light modulator; M1, M2: mirrors; L1, L2, L3, L4: lenses; P1:
polarizer; HP: half-wave plate; VP: vortex plate; BS1, BS2: beam splitters; CCD: charge-
coupled device; PD1, PD2: photoelectric detectors; LA: lock-in amplifier; DAQ: digital
data acquisition system; PC: personal computer. (b) Schematic of the objective, the perfect
optical vortex (POV) beam with finest ring width. Arrows indicate the POV is modulated as
a pure azimuthal polarized beam and the central spiral map indicates a spiral phase from 0
to 2π. (c) Experimental POV beam at the rear focal plane of the objective with azimuthal
polarization. Scale bar: 2 mm.

Currently, the RI maps are obtained by scanning with a two-dimensional electric translation
stage and it is the number of data points that determines the imaging time. Every RI value at
point acquired costs 30 ms during which the two-dimensional platform moves steadily in 400 nm
step length. Thus, an RI map with 40 µm × 40 µm range may be obtained in 5 minutes.

2.5. Imaging resolution and penetration depth

To illustrate the advantages of polarization and phase modulation, we simulated the tightly
focused spot of a POV beam with azimuthal polarization and first-order spiral phase [56–58].
Figures 3(a-c) show images of the intensity distributions of the x, y, and z components at the focal
plane. These three components were added to obtain the total intensity distribution (Fig. 3(d)),
from which a full width at half maximum value of 144 nm was obtained for the focused spot,
which provides the ideal theoretical imaging resolution.

Before experimental measurement of spatial resolution, we used electron beam lithography
(Raith, PIONEER Two) to fabricate a sample slit with a nominal width of 100 nm, whose
bright-field image is shown in Fig. 3(f). The material used for the photoresist was polymethyl
methacrylate (PMMA; AR-P 679.03), with an RI of 1.478 and a film thickness of 230 nm. Strict
control of the exposure intensity is well known to be difficult, so it is essential to calibrate the slit
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Fig. 3. Simulation of the tightly focused spot. Distribution of the (a) x, (b) y, and (c) z
intensity components, and (d) the normalized total intensity at the focal plane. (e) Intensity
profile along the white dashed line in panel d. (f) Lithographic slit structure on a bare glass
plate. (g) One intensity profile data obtained by scanning across the slit shown in the red
square in panel f. After applying a Gauss-function fitting, the FWHM indicates a 511 nm
resolution. The inset plots the results from three experimental measurements,and the average
resolution is 496nm.

width. We performed this task using an atomic force microscope (Bruker, Bioscope Catalyst),
which yielded an average slit width of approximately 120 nm, below that of the focusing spot.
During the experiments, a two-dimensional electric translation stage was used to scan across a
single slit in 10 nm steps over a 5 µm range. One of experimentally measured groups is partly
shown in Fig. 3(g). After a Gauss-function fitting, the full width half maximum (FWHM) of
the focused spot, corresponding to the system resolution, was measured to be 511 nm, which is
bigger than twice the general optical resolution (0.61λ/NA = 228 nm). The inset plots the results
from three experimental measurements, and the average resolution is 496 nm. The other two
experimental data groups are showed in Supplementary Fig. S2. Compared with the theoretical
imaging resolution, the lower system resolution may be a consequence of interactions between
multiple side lobes and the main lobe, as well as the evanescent field effect on the sample surface
[59,60].

Theoretically, the cell region probed by RIQM is limited within evanescent field which is not
exceeding a wavelength. Experimentally, we scanned a polystyrene (PS) bead to estimate the
penetration depth of RIQM. A sketch of the interaction between the focal evanescent and PS
bead is shown in Fig. 4(a). When moving away from the center of the bead, the sphere is no
longer in contact with the glass surface. And the gap distance z increases as the geometrical
relationship with the lateral position l: z = r −

√
r2 − l2, where r represents the radius of PS

bead which is 1.5 µm. Notably, the contact point between bead and glass surface is hard to be
determined in the experiment. We chose 8 data groups in an original two-dimension scanning
map which’s intensity is normalized and the maximum value of the chosen data is equal or greater
than 0.99(a.u.). In Supplementary Fig. S3, the bright field image of the PS bead and an original
map are demonstrated. The scanning range of the original map is 6 µm × 6 µm and the scanning
step length is 30 nm. By averaging these 8 data groups, the scatter diagram is demonstrated in
Fig. 4(b). After polynomial fitting, we estimate the penetration depth of RIQM is about 384 nm
in consideration of the attenuation coefficient “1/e”.
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Fig. 4. Penetration depth of RIQM probed with a polystyrene bead, whose diameter is 3 µm.
(a) Sketch of the focal field probed by the RIQM. (b) Normalized signal intensity varied
with the gap distance z, and black dots are average experimental data from 8 groups.

3. Results and discussion

3.1. Comparison of RI imaging with conventional imaging

RI variations result directly from fluctuations in the density of cellular dry mass. The RI is
therefore a powerful endogenous contrast agent [16]. Most of the cell dry mass is composed of
proteins and phospholipids, with the former constituting a large proportion of the cytoplasm. CA
plays an integral role in stimulating signals that regulate cell differentiation, cycle, migration,
and survival. The affinity of cells for substrates is a crucial consideration in biomaterial design
and development [3]. RI imaging of U-87 MG human neuroglioma cells was carried out in this
study and mosaic RI images of two cells are presented in Fig. 5(a5) and Fig. 5(b4). Before the RI
imaging experiment, the cells were fixed and imaged using a phase contrast microscope (Zeiss)
and a fluorescence microscope (Leica) as shown in Figs. 5(a1-a4) and Figs. 5(b1-b3). Detailed
cell processing methods are provided in the Methods part. Figure 5(a5) shows the RI images of
two glioma cells connected via a synapse, which provides a clear view of subcellular structures,
including the cell nucleus (high RI values are marked with red arrows). The consistency of
the images obtained using each method demonstrates that the RI imaging technique reveals
the true cellular morphology and that the point-scan imaging mechanism does not introduce
aberrations. Notably, this label-free imaging technique requires no molecular staining and
maintains cellular activity. Additionally, because the imaging depth of investigation is limited
by the propagation range of the evanescent field, the RI image reflects the biological events
that occur at the cell-substrate interface. For example, the region highlighted by the square in
Fig. 5(b4) has different features compared with the phase contrast map in Fig. 5(b2). These
bleb-like effects on the cell membrane are due to the paraformaldehyde cross-linking agents used
for cell fixation. In addition, the circled and squared regions in Fig. 5(b4) exhibit more structural
details than the phase contrast map in Fig. 5(b2). The fine line structure shown in the red squared
region of Fig. 5(a5) demonstrates the high resolution that can be achieved using the proposed
method; subcellular structures, such as organelles and bottom growing structures, are also clearly
observed in the circled region.

3.2. Monitoring of cell contraction and ECM variation

Gliomas are the most common intracranial tumors and are associated with a median survival
time of 15 months, even with aggressive therapy. This can be explained, in part, by the diffuse
infiltration of single tumor cells into the brain parenchyma, which is thought to be a multi-
factorial process involving interactions with the ECM [2,5]. Preventing invasion remains a key
therapeutic goal and expansive efforts have been made to identify key molecular regulators of
glioblastoma multiforme tumor cell motility in vitro [61]. Numerous studies have determined
that the ECM is predominantly composed of fibronectin, collagen, fibrillin, and tenascin, all of
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Fig. 5. (a1-a5) and (b1-b5) show two groups of U-87 MG human neuroglioma cells. Phase
contrast maps (Zeiss) were obtained using a (a1) 20× and (b2) 40× objective. (a2,a3,b3)
Corresponding fluorescence maps (Leica sp8) of tubulin labeled with red fluorescent protein.
(a4,b1) Corresponding bright field images (Leica Sp8). (a5) RI mosaic of three images
(80µm × 80µm). (b4) RI mosaic of two images (80µm × 80µm). Single- and double-headed
arrows indicate the lower and upper cell nuclei, respectively. The circled and squared
regions in panels a5 and b4 highlight some bleb-like structures that cannot be seen in the
corresponding phase contrast images in panels a1 and b2, respectively. Additionally, the
squared region in panel a1 shows a fine structure that also is clearly visible in panel a5,
which demonstrates the high resolution that can be achieved.

which influence the migration of glioma cells [2]. However, the biophysical characteristics of
ECM interactions remain poorly understood. It has been shown that the mechanical rigidity of
the cellular micro-environment may alter the motility of glioma cells [61,62]. Here, we develop a
simple imaging technique to obtain the RI distribution within cells, which is one of the most
important biophysical parameters.

Cell growth, proliferation, and mutation can all lead to variation of RI distributions. Figure 6
demonstrates such monitoring of glioma cell (U-87 MG) contraction over a 4 h period, during
which 37◦C temperature and 5% CO2 concentration were maintained. Figures 6(a0) and 6(b0)
show bright-field images acquired at 0 h and 2.5 h, respectively. Figures 6(a1-a3) and (b1-b3)
show the sequence of RI images obtained over a 4 h period. Before the imaging experiment,
the RI of cell culture medium was determined to be 1.337 using an Abbe refractometer. The
square region in Fig. 6 emphasizes the changes occurring at the synaptic junction during the
contraction, while the red arrows indicate the positions of intracellular organelles, possibly being
mitochondria. The ability to resolve organelles indicates the high-resolution advantage of the
proposed method.
The combined results of the RI imaging demonstrate that the cell can be divided into four

regions characterized by different RI values. Figure 7(a) shows the extracted image from
Fig. 6(b1) that contains RI contours with values of 1.34, 1.343, 1.35, and 1.356. Compared
with the fluorescence images reported in other studies [2,5], the contours in Fig. 7(a) divide
the cell into four parts: region 1 clearly delineates the ECM; region 2 probably corresponds
to the cytoplasm; region 3 is the area where most of the vinculins are located ; and region 4
corresponds to the position of the cell nucleus. To clarify the functions of these regions, we
plotted the area ratio as a function of time (Fig. 7(b)). The area ratio of region 1 changes in the
opposite manner to that of region 2, while regions 3 and 4 remain relatively stable and are almost
equivalent. This illustrates that the cellular events mainly involve changes in the ECM, while the
cytoplasm and regions near the nucleus remain relatively stable. Consequently, this RI imaging
method provides clear insight into the changes occurring near the cell-substrate interface and is a
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Fig. 6. Bright-field images are shown at (a0) 0 h and (b0) 2.5 h. (a1-a3,b1-b3) Monitoring
of the RI evolution during cell contraction. Organelles are marked with arrows and a synaptic
junction is located within the red square. The range of RI map is 80µm × 80µm. Scale bar:
20µm.

promising tool for studying biophysical mechanisms occurring in living cells at the subcellular
level, with potential applications in the life sciences and medical diagnosis.

Fig. 7. RI image analysis. (a) The extracted image of Fig. 6(b1) with RI contour values of
1.34 (region 1), 1.343 (region 2), 1.35 (region 3), and 1.356 (region 4). (b) Time-dependent
area ratios of regions 1-4.

3.3. Cell apoptosis assay

Paclitaxel has shown great potential as a cancer treatment. The cytotoxicity of paclitaxel is
believed to be related to its ability to stabilize and enhance assembly of microtubules [63,64].
U-87 cells were cultured with or without 8 µM paclitaxel solution for more than 1 h, during
which time the RI distributions of individual glioma cells were measured (Fig. 8). The RI
images of an untreated cell in Figs. 8(a1-d1) reveal the gradual decomposition of the structures
within the red square, as reflected by the decrease in the RI in this region. Additionally, red
arrows identify a prominent subcellular organelle in the RI images, which provide greater detail
compared with the bright-field images shown in Figs. 8(a0-d0). During paclitaxel treatment
cell (Figs. 8(e1-h1)), some constantly changing high-RI regions were identified (red arrows)
and the apoptosis appeared to induce cellular clumping and detachment in a shorter time (c.f.
Figs. 8(a1-d1)). These differences can be attributed to the stabilization of microtubules by
paclitaxel.

3.4. Monitoring of a synapse

Among the many types of cells, neurons are highly polarized and have distinct subcellular
compartments, including one or more dendritic processes emerging from the cell body, and a
single, extended axon that is involved in intercellular communications with them [65]. These
connections take place in synapses generated between axons of presynaptic neurons and dendrites
of postsynaptic neurons, and are central to the study of neuroscience. We used RIQM to
monitor the synaptic junction between two neurons every 30 min. As shown in Fig. 9, distinct
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Fig. 8. Bright field images (40µm× 40µm) of a U-87 cell at (a1) 0 min, (b0) 45 min, (c0) 75
min, and (d0) 100 min, and (a1-d1) corresponding RI images. (e0-h0) Bright-field images
(40µm × 40µm) of a U-87 cell treated with paclitaxel, and (e1-h1) corresponding RI images.

morphological changes were observed; in particular, a small part of the synapse marked with a
square in Fig. 9(a1) was absent in Fig. 9(b1), which can be attributed to cellular communication.
Moreover, the high-RI area marked with red circles highlights the decomposition of a subcellular
structure and its movement toward the nucleolus. The dynamic process recorded using RIQM in
Fig. 9(a1-b1) reveal the information transfer between two neurocytoma cells that cannot be easily
identified from morphological changes in conventional bright-field images (Fig. 9(a0-b0)).

4. Conclusions

This study introduced a high-performance RIQM for label-free, non-invasive imaging of living
cells, which simultaneously achieves high spatial resolution and RI sensitivity. The technique uses
a POV beamwith azimuthal polarization and first-order spiral phase to obtain the smallest focusing
spot, and a lock-in amplifier to improve the signal-to-noise ratio. Cellular RI variation directly
results from the density fluctuations of cellular dry mass, making RI a powerful endogenous
contrast agent. Nevertheless, the applications of RIQM for cell studies including monitoring
cell contraction, apoptosis and synapse growth were demonstrated which indicates RIQM is a
promising quantitative phase imaging method with potential applications in biological sensing
and imaging.
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Fig. 9. (a0-b0) Bright-field images of a synapse between two U-87 MG cells, and (a1-b1)
corresponding RI images after Gaussian smoothing (40µm × 40µm). The region marked
with a square contains a synapse and the region marked with a circle contains an organelle.
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